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The biological control of fungal diseases through the use of genetically modified (GM) 23 
plants could decrease the input of chemical pesticides. To overcome possible losses in 24 
potato (Solanum tuberosum) yield because of susceptibility to soil fungal pathogens, 25 
researchers have developed potato transgenic lines expressing antifungal proteins. 26 
However, all GM crops must be monitored in their potentially detrimental effects on 27 
non-target soil microorganisms. Arbuscular mycorrhizal (AM) fungi are good 28 
candidates for this type of analysis, as good indicators of a normal rhizosphere structure 29 
and functionality. In this work, we have monitored potato lines with over-expression of 30 
genes encoding peptides with antifungal properties on their effects on the soil-borne 31 
fungal pathogen Rhizoctonia solani and AM fungi. 32 
The six GM potato lines (AG-1, AG-3, RC-1, RC-5, AGRC-8 and AGRC-12) evaluated 33 
showed higher reduction in infection indexes in comparison to untransformed plants 34 
when challenged with a highly virulent strain of R. solani. The growth of RC-1, RC-5 35 
and AGRC-12 lines remained almost unaltered by the pathogen; which evidenced the 36 
maximum inhibition of R. solani infection. The level of root colonization by the AM 37 
fungus Rizophagus intraradices (pure in vitro isolated) did not significantly differ 38 
between transgenic and wild potato lines under in vitro and microcosm conditions. An 39 
increase in mycorrhization was evident with the addition of potato biomass residues of 40 
these GM lines in comparison to the addition of residues of the wild type potato line. 41 
In addition to the R. intraradices assays, we performed microcosm assays with soil 42 
samples from sites with at least100-year history of potato crop as inoculum source .The 43 
roots of AGRC-12 GM line showed significant higher l vels of native mycorrhization 44 
and arbuscules development. In general, the potato lines apparently were less receptive 45 
to R. intraradices pure inoculum than to AM species from the natural inoculum. In this 46 
work, the selected GM potato lines did not have evid nt adverse effects on AM fungal 47 
colonization. 48 
 49 
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1. Introduction  52 
 53 
Commercial use of genetically modified (GM) plants, e pecially those resistant to the 54 
attack of insects and pathogenic microorganisms, is increasingly widespread (Clive, 55 
2014). Studies of potential risks associated with these GM plants established their 56 
possible impact on the environment. These studies mainly focus on gene transfer from 57 
GM to wild plants, the antibiotic resistance transference to natural microbial 58 
populations or the impact of transgenic proteins on n -target organisms (Giovannetti, 59 
2003; Turrini et al., 2015). Among these organisms, and within the key functional 60 
groups of soil microbial communities, are the arbuscular mycorrhizal (AM) fungi. 61 
Despite their importance, a low number of studies have monitored the impact of GM 62 
plants on this obligate biotroph group (Liu, 2010; Hannula et al., 2014; Colombo et al., 63 
2016). Some researchers have suggested that unintentio al changes in composition of 64 
GM plant phenotype (pleiotropic effects) and root exudates could affect the structure 65 
and functionality of microbial rhizosphere communities. For example, transgenic 66 
proteins expressed by roots could be accumulated into the soil or incorporated through 67 
crop residues at the end of harvest (Turrini et al., 2015) and potentially affect non-target 68 
microorganisms as AM fungi. 69 
The potato (Solanum tuberosum) is the most important tuber crop worldwide, growing 70 
in more than 125 countries and daily consumed by more than a billion people. The 71 
potato is easy to grow and has great nutritional value; its cultivation is an important 72 
food security and cash crop for millions of farmers (Lutaladio et al., 2009). Many 73 
production constraints derive from the biological characteristics of the potato itself, 74 
including low multiplication rates of seed tubers, high technical difficulties and costs of 75 
maintaining seed quality through successive multiplications. Owing to the potato 76 
susceptibility to soil and seed-borne insect pests and diseases, major losses in potato 77 
production yield are caused by pathogens, especially fungi (Huarte et al., 2013). 78 
Rhizoctonia solani, which was early described on potatoes by Kühn (1858), is a widely 79 
spread soil-borne fungal pathogen that comprises several groups pathogenic to different 80 
host species. The most common symptom of the disease c used by Rhizoctonia is the 81 
'damping-off' of the infected seedlings, which is characterized by an early killing before 82 
or after soil emergence (Adam, 1988). The disease control relies mainly on chemical 83 
pesticides, which are not always effective because of the development of fungicide-84 















and human health. Consequently, the transgenic expression of genes encoding 86 
antifungal proteins into commercial cultivars constitutes an interesting approach to 87 
reduce losses caused by pathogens. Their potential i troduction as agricultural crops 88 
would be directly related to a reduction in pesticide application, leading to a more 89 
sustainable development of agro-ecosystems and to a c nsequent benefit to human 90 
health and non-target microorganisms. 91 
It has been extensively demonstrated that AM fungal symbiosis improves plant nutrient 92 
acquisition and stabilizes soil aggregates through their hyphae; both characteristics are 93 
of great interest for low-input agriculture (Koide and Mosse, 2004). Because of their 94 
importance within the agroecosystem biodiversity, AM fungi could be considered 95 
indicators of possible negative impacts of GM plants with antifungal qualities. In light 96 
of the experimental evidence, there is a real need to evaluate the effect of GM plants on 97 
AM fungi for each particular transgenic event (Liu, 2010). Little is known about the 98 
effectiveness of AM fungi inoculation and host specificities in potato crops (Cesaro et 99 
al., 2008). Moreover, to the best of our knowledge, th re are no studies on the potential 100 
effects of any GM potato line expressing antimicrobial genes on AM fungal 101 
development. 102 
All life stages of AM fungi have been studied using  vitro culture systems (Declerck 103 
et al., 2005). For example, Voets et al. (2005) generated an autotrophic culture system 104 
of potato plants in vitro, in which roots associates to AM fungi, while the 105 
photosynthetic shoot develops under open air conditi s. In addition, other studies have 106 
assessed the impact of GM plants on AM fungi by assessing root colonization, spore 107 
counts and also by molecular methods (Liu, 2010; Turrini et al., 2015). In vitro studies 108 
would significantly reduce the complexity of soil biological systems, allowing the 109 
monitoring of short-term effects of GM plants on AM fungi. 110 
One way to improve or preserve potato yield is through the reduction of the incidence of 111 
diseases. Thus, we obtained transgenic plants over expressing selected antifungal genes 112 
and assessed their resistance against R. olani as well as the potential short-term effects 113 
of these potato lines and their biomass residues on AM fungi. For this purpose, we 114 
carried out microcosm and in vitro experiments with Rhizophagus intraradices, 115 
commonly used as an AM control species, and with indigenous AM fungal communities 116 
















2. Materials and Methods 119 
 120 
2.1. Transformation of GM potato expressing antifungal genes 121 
 122 
Potato (S. tuberosum subsp. tuberosum cv. Kennebec) plants used for transformation 123 
assays were micropropagated under aseptic conditions in complete Murashige and 124 
Skoog (MS) medium. They were grown in nurseries at 22 ° C, under a photoperiod of 125 
8/16 h dark/light cycle (5000 lux) for 4 weeks. The RC and AG constructs (Fig. 1) 126 
harbor the sequences encoding four antifungal genes u der the control of the CaMV 127 
(35S) viral origin promoter and contains a cassette that confers resistance to a selective 128 
agent (kanamycin or hygromycin). These genes encoded proteins of barley (Hordeum 129 
vulgare) plants, a ribosome inactivating protein Type I RIP (R) and a class II chitinase 130 
hydrolytic enzyme (C) or from tobacco (Nicotiana tabacum), osmotin (A) (Ap24 gene) 131 
and the β-1, 3 glucanase hydrolytic enzyme (G).  132 
Potato explants were transformed via Agrobacterium tumefaciens strains LBA4404 and 133 
pAL4404 employing different constructs that combined two genes (RC or AG). Briefly, 134 
leaf discs were co-cultured as described by Del Vas (1992) with A. tumefaciens carrying 135 
the construct of interest, for48 h in MS medium. Explants were sub-cultured in 136 
regeneration medium (MS salts and vitamins, 20 g/l sucrose, 7 g/l agar, pH 5.6, plus 2 137 
mg/ml zeatine riboside, 50 mg/ml kanamycin and 300 mg/ml cefotaxime) and 138 
transferred to fresh medium every 15 days until distinct shoots appeared. Finally, shoots 139 
were grown in micropropagation medium (MS salts, 20 g/l sucrose, 7 g/l agar, pH 5.6) 140 
supplemented with kanamycin or hygromicyn.  141 
In addition, co-transformation assays were also performed using the two strains of A. 142 
tumefaciens, harboring AG or RC construct, simultaneously and employing the two 143 
different selective agents. Plants from different transgenic lines were in vitro maintained 144 
by periodic micropropagation in growing chambers as de cribed above. 145 
Molecular biology techniques were developed according to the protocols of Sambrook 146 
et al. (1989), employing commercial kits according to the manufacturer instructions and 147 
to Bazzini (2003). 148 
 149 
















Rooted potato plants (roots about 1 cm) obtained by micropropagation of apexes of 152 
selected lines were used. Trays (20 x 35 cm) were filled with soil-vermiculite sand (70-153 
15-15 %) and the substrate mixture was infected by adding six 7-mm diameter discs of 154 
potato dextrose agar (PDA) medium with R. solani strain AG-3. The infected substrate 155 
was left to grow for 48 h at 28°C and eight plantlets of each GM line were then placed 156 
in theses trays. The same number of plantlets were transferred into non-inoculated 157 
substrate mixture, kept in growing chambers as described above and watered with 158 
distilled water at field capacity. 159 
The height of each plantlet was measured from the edg  of the tray to the apical apex of 160 
the plantlet every 3 days for 30 days. The average height of the plantlets per tray was 161 
calculated for both infected and uninfected lines and the individual measure of each 162 
infected plantlets was relativized to the average of the uninfected plantlets of the same 163 
line. The disease index (DI) (Jach et al., 1995) was c lculated by assigning a number 164 
from 0 to 4 to these relativized values. The number 0 stands for growth greater than 75 165 
% of the average growth of the same uninfected line, whereas 1 is for growth between 166 
50 and 75 %. The number 2 and 3 are for growth betwe n 25 and 50 % between 2.5 and 167 
25 %, respectively. Finally, 4 stand for growth below 2.5 % of the average growth of 168 
the same uninfected line. The average of the disease rates was calculated for each line 169 
daily post infection (DPI) (the average value should be between 0 and 4). Finally, the 170 
infection reduction index (IRI) of each line for each DPI was calculated as follows: IRI 171 
= [(DI plant X - DI Kennebec plant) / DI Kennebec plant] x 100. 172 
 173 
2.3. Autotrophic culture system for the in vitro AM symbiosis study 174 
 175 
Transformed carrot (Daucus carota) roots colonized with the GA5 strain of R. 176 
intraradices (BGIV, http://www.bgiv.com.ar/strains/Rhizophagus-intraradices/ga5) 177 
were used to obtain viable pure spores and mycelia as described in Fernández Bidondo 178 
et al. (2011). Nodal cuttings of each line (AGRC-12, RC-1, RC-5 and KEN) were 179 
placed in sterile MagentaTM culture boxes (77-77-194 mm) containing 40 ml of 180 
Minimum medium (MM) without sucrose, solidified with 0.35 % w/v Gel-gro (ICN 181 
Biochemicals, Aurora, OH, USA) and adjusted to pH 5.8 before sterilization. The lower 182 
section of the boxes (97 mm), where fungus and roots developed, was covered with 183 
opaque material. A plug of 3-month-old GA5 monoxenic culture, which contained 184 















spores and abundant extraradical mycelium (ERM), was pl ced in the proximity to 186 
potato plantlets in each culture box. Ten culture boxes (replicate) per potato line 187 
(treatments) were made for this experiment. Plantlets were kept for 100 days in a 188 
growth chamber at 25 °C with 60 % relative humidity and 16 h photoperiod. After 100 189 
days, the effect of the potato lines on the establishment of AM symbiosis was checked. 190 
Potato plantlets were harvested; roots were cleared in 10 % KOH and then stained with 191 
Trypan blue (Phillips and Hayman, 1970). Intraradicl olonization was quantified by 192 
examination of 50 randomly selected root pieces (1 cm length). Frequency (% F) of 193 
mycorrhizal colonization was calculated as the percentage of root segments containing 194 
hyphae, arbuscules or vesicles. Measurements were performed under a Nikon light 195 
binocular microscope at 40x and 100x magnification. 196 
 197 
2.4. Microcosm culture system for the ex vitro AM symbiosis study 198 
 199 
Potato plantlets of each potato line (AGRC-12, RC-1, RC-5 and KEN) were 200 
micropropagated in MS medium from nodal cuttings as de cribed above. Once rooted, 201 
plants were removed from medium and hardened in sterile substrate in growing 202 
chamber. Six-week-old potato plants were transplanted to pots containing 500 g of 203 
autoclaved (100 °C for 1 h, three consecutive days) mixture of 1:1 perlite and soil 204 
(pH7.1; total C 12.08 and N 1.1(g.kg−1); P 34.2mg.kg−1; K 0.9, Ca 7.5, Mg 1.7 and Na 205 
0.2(mol.kg−1)). The roots of each potato line were inoculated at transplanting time with 206 
50 g of natural soil mixture. The soil mixture consisted of mycorrhizal roots, 207 
extraradical mycelium and spores. These soils were coll cted in November (springtime) 208 
within the agricultural landscapes of Balcarce, Buenos Aires province (37°S 58°W). The 209 
sampled fields that were used in this study came from sites that have been used as 210 
monoculture cultivation of potato since the early twentieth century (Huarte et al., 2013). 211 
AM colonization frequency values were obtained for these soils (F % mean ± SD, 8.56 212 
% ±2.2) by applying the Mean Infection Percentage (MIP) method as described at The 213 
International Culture Collection of Vesicular Arbusc lar Mycorrhizal Fungi (INVAM, 214 
https://invam.wvu.edu//). Sorghum roots cultivated in a 1:10 dilution (inoculum-215 
disinfested growth substrate) (MIP: mean ± SD, 12.33 % ±3.4) were used to obtain 216 
these AM colonization values. 217 
Inoculated potato plants were kept for 100 days in a growth chamber at 25 °C with 60 % 218 















necessary and irrigated once a month with Hewitt (1952) nutritive solution without P to 220 
avoid influencing mycorrhization levels. Ten pots (replicate) per potato line (treatments) 221 
were made in this experiment. At the end of the experiment, entire potato plants were 222 
harvested and a portion of roots was cleared and stained as described above. The effect 223 
of the potato lines on the establishment of AM symbiosis was assessed under a Nikon 224 
light binocular microscope at 40x and 100x magnification. 225 
 226 
2.5. Microcosm culture system for the study of biomass residues on AM symbiosis 227 
 228 
The clover (Trifolium repens), a spontaneous weed, was used as alternative host to 229 
analyze the possible impacts of transgenic potato lines on AM colonization levels. 230 
Seeds of clover were surface-sterilized with 70 % (v/v) ethanol solution for 2 min, 231 
followed with 20 % (v/v) sodium hypochlorite solution for 15 min, then rinsed three 232 
times with sterile distilled water and finally germinated on moist filter paper for 2 days. 233 
Uniform clover seedlings were selected, in order to obtain a homogeneous batch. These 234 
seedlings were transplanted into pots with 250 g ofsterilized (100 °C for 1 h on three 235 
consecutive days) vermiculite and irrigated once a week with Hewitt (1952) nutritive 236 
solution without P to avoid influencing the mycorrhization levels. AM inoculation was 237 
performed by placing a 3-month-old GA5 monoxenic culture plug per pot at transplant 238 
time. The growing substrate was mixed with 5 g of dry biomass (roots and shots) of 239 
each potato line (AGRC-12, RC-1, RC-5 and KEN). Clover plants were kept during 100 240 
days in a growth chamber at 25 °C with 60 % relative humidity and 16 h photoperiod, in 241 
ten replicate pots per potato line (treatments). At the end of the experiment, clover 242 
plants were harvested and the radical system was cleared and stained as described 243 
above. The effect of the different potato lines drybiomass on the establishment of AM 244 
symbiosis was assessed under a Nikon light binocular microscope at 40x and 100x 245 
magnification. 246 
 247 
2.6. Statistical analysis 248 
 249 
Significant difference in the infection reduction idexes of GM lines was used as a 250 
measure of each line resistance. The analysis was through Chi-squared test at a 251 
significance level of 5 %, using Graph Pad Prism 3.0 software. The experiments were 252 















In the autotrophic culture system and in microcosmo assays the effects of potato lines 254 
(factors) on frequency (% F) of mycorrhizal colonizat on differentiated by kind of AM 255 
structure (response variable) were subjected to fact ri l ANOVA. Comparisons between 256 
mean values were made using the least significant difference (LSD) test at p < 0.05. 257 




3. Results 262 
 263 
3.1. Characterization of GM potato plants expressing antifungal genes 264 
 265 
To obtain transgenic plants resistant to fungal pathogens, we first selected four 266 
antifungal genes (A, G, C and R; see 2.1 in Materials and Methods). Potato plants were 267 
transformed via A. tumefaciens employing different constructs that combined two genes 268 
(AG or RC binary vectors). On the other hand, co-transformation assays combining the 269 
use of two A. tumefaciens strains harboring AG or RC construct and different selective 270 
agents (hygromycin and kanamycin respectively) were conducted to achieve 271 
simultaneous expression of several transgenes. GM potato lines (events) were rooted in 272 
successive passages in selective medium and named as AG (from 1 to 8) or RC (from 273 
1to 7). The plants obtained by co-transformation assay  were designated as AG-RC (1 274 
to12) according to the construct. A total of 27 transformants were screened in 275 
preliminary molecular and biological characterizations (Bazzini, 2003). According to 276 
the preliminary results, we selected six transgenic li es (AG-1, AG-3, RC-1, RC-5, AG-277 
RC8 andAG-RC12) for further molecular and biological characterization.  278 
All selected lines contained the constructions intothe plant genome according to PCR 279 
analysis (Fig. 2A). In addition, AG-1 and AG-3 lines, followed by AGRC-8 line, 280 
displayed high accumulation of Ap24 osmotin, as evid nced by Western blot. In AG-281 
RC12 line, AP24 was undetectable (Fig. 2B). RC-5 potato line showed the highest 282 
accumulation of RIP, followed by RC-1and AGRC lines. Anti-RIP serum revealed one 283 
apparently unspecific additional band of higher molecu ar weigh that is also present in 284 
the non-transformed control plants.  285 
On the other hand, AG-RC12 line presented high accumulation of chitinase protein 286 















lines also expressed this protein but at lower levels. In RC5 line, chitinase protein was 288 
undetectable (Fig. 2B). Glucanase protein was undetectable in all cases. This result may 289 
be due to specific antibody deficiencies. 290 
Altogether, the six selected lines were suitable for evaluation of fungal pathogen 291 
resistance. 292 
 293 
3.2. Challenge inoculation of transgenic plants with R. solani 294 
 295 
The six GM potato lines (AG-1, AG-3, RC-1, RC-5, AGRC-8 and AGRC-12) were 296 
challenged against a highly virulent strain of R. solani. Throughout the challenge, the 297 
infection reduction index (IRI) was higher for the six selected GM lines than in control 298 
KEN plants (Supplementary material A). At 7 DPI, the AG-1 and AG-3 lines presented 299 
the worst results (13 % and 35 % of IRI respectively), whereas RC-1 and RC-5 300 
transformed with the RIP-Chitinase construct showed the highest pathogen inhibition 301 
(87 % and 70 % of IRI respectively; Supplementary material A and B). At this same 302 
period in time, the co-transformed lines exhibited intermediate IRI values (39 % 303 
AGRC-8 and 65 % AGRC-12).  304 
At 18 DPI, no significant differences were observed b tween the GM line on infected 305 
substrate, with IRI values ranging from 75 to 80 %; however, the co-transformed 306 
AGRC-12line exhibited an IRI of 100 % (Supplementary material A). Moreover, no 307 
significant differences were registered between GM plants grown on infected and 308 
uninfected substrates (Supplementary material D). Additionally, R. solani typically 309 
hyphal development in the substrate was verified uner light binocular microscope 310 
(Supplementary material C). 311 
RC-1, RC-5 and AGRC-12 lines showed an effective inhibition of R. solani and 312 
remained almost unaltered when exposed to the pathogen. Thus, we selected these lines 313 
for further assays. 314 
 315 
3.3. Effect of GM potato plants resistant to R. solani on AM colonization 316 
 317 
To study the in vitro AM symbiosis, we subsequently used an autotrophic culture 318 
system. The in vitro AM symbiosis was not significantly affected (p=0.75) by GM 319 
potato plants with antifungal activity. The mycorrhization values of R. intraradices 320 















significant differences were apparent between potato lines for AM arbuscules (p=0.86) 322 
or vesicles (p=0.09). Arbuscules were especially scarce (2 %); (Fig. 3A).No significant 323 
correlations were observed between in vitro potato dry biomass and the percentage of 324 
colonized roots. However, AGRC-12 line presented the highest dry weight (data not 325 
shown) and also had the highest mycorrhizal values. 326 
To study the interaction of potato transgenic lines with native AM fungal biodiversity 327 
from fields traditionally cultivated with potato, we conducted a microcosm assay. AM 328 
colonization of AGRC-12 roots was significantly higer (p<0.001) than that of wild 329 
type roots. For all the evaluated potato lines, the mycorrhization values of the native 330 
inoculum were higher than those reached by GA5 inoculation. A significantly higher 331 
percentage of arbuscules (p<0.001) was evident in AGRC-12 line with respect to other 332 
potato lines; however, the proportion of vesicles showed no differences (p=0.6689) 333 
(Fig. 3B and Fig. 4). 334 
To investigate the effects of transgenic plant residues that could be plowed into the soil 335 
after crop harvest, we performed a microcosm assay employing clover as host plant. In 336 
clover roots, the addition of RC-5 dry biomass signif cantly increased AM symbiosis 337 
(p<0.001), with respect to the control treatment. After 100 days of cultivation, the 338 
mycorrhization values reached by R. intraradices (GA5 strain) in clover were higher 339 
than those registered in potato plants when colonized by the same strain. Moreover, the 340 
addition of RC-5dry biomass resulted in a significant (p<0.001) increase of vesicles, but 341 
not for arbuscules (p=0.823), with respect to the control (Fig. 3C). 342 
 343 
 344 
4. Discussion 345 
 346 
In this work, we developed and evaluated the in vivo biological resistance of GM potato 347 
lines against a commercially important phytopathogen. Furthermore, we also verified 348 
the short-term effect of GM lines on AM fungal colonization. Four antifungal genes 349 
were selected to perform transformation assays. The selected genes encoded an osmotin, 350 
a glucanase, a chitinase and a ribosome inactivating protein. These pathogenesis-related 351 
proteins exhibited antifungal activity, by altering fungal components or degrading the 352 
major constituents of fungal cell walls (β-1.3-glucan and chitin) (Datta et al., 1999). 353 
Individual genes expression of cDNAs encoding a class-II chitinase, a class-II beta-1,3-354 















under the control of the CaMV 35S-promoter as resistance strategy against R. solani 356 
(Jach et al., 1995). The combined accumulation of chitinase/glucanase and 357 
chitinase/RIP showed a significantly enhanced protection against R. solani (Zhu et al., 358 
1994). 359 
From our results, the potato GM selected lines, AG-1, AG-3, RC-1, RC-5, AGRC-8 and 360 
AGRC-12, exhibited enhanced infection reduction against R. solani in comparison to 361 
control plants (KEN). At 7 DPI, the lines expressing high levels of RIP proteins (RC-1 362 
RC-5 and AGRC-12) presented the best pathogen resistance results (IRI of 87 %, 70 % 363 
and 65 %, respectively). Nevertheless, at 18 DPI, AG-RC12 line exhibited a 100 % of 364 
inhibition of infection. The AGRC-12 line also expressed high levels of chitinase 365 
protein; thus the expression levels of this transgeic protein may be related to the ability 366 
to confer fungal pathogen protection. Concordantly, previous studies have reported that 367 
transgenic plants with higher levels of chitinase transcript accumulation showed higher 368 
levels of disease resistance (Takahashi et al., 2005). Furthermore, chitinase levels in rice 369 
cultivars correlated with resistance to sheath blight pathogen R. solani (Shrestha et al., 370 
2008) and the chitinase activity in transgenic grape vines correlated with an inhibition 371 
percentage of fungal growth or disease tolerance (Nookaraju et al., 2012). In addition, 372 
resistant GM plants exhibited no visual phenotypic differences from wild-type under 373 
greenhouse conditions; which suggests that the constitutive expression of these peptides 374 
would not alter the physiology of these plants. 375 
Engineered potatoes conferring resistance to nematodes showed a reduction in microbial 376 
activity and different physiological profiles of rhizosphere microbial communities 377 
(Griffiths et al., 2000). In addition, transgenic potato plants that can control potato-cyst 378 
nematode showed a reduction in bacterial and fungal abundance (Cowgill et al., 2002). 379 
On the other hand, the impact of transgenic potato plants expressing a lysozyme gene on 380 
bacterial communities was comparable to the effects of plant genotype, vegetation 381 
stage, soil type and pathogen infection (Heuer et al., 2002; Rasche et al., 2006). 382 
Here, we confirmed the effectiveness of the antifungal protein strategy for potato plants 383 
and evaluated the harmless to the surrounding beneficial organisms. The assays under in 384 
vitro and microcosm conditions showed that, not only the symbiosis established by the 385 
collection isolate GA5 (R. intraradices) and a mix of indigenous AM fungi was 386 
developed without alterations in the evaluated transge ic potato plants, but also that the 387 
AGRC-12 GM line, with high levels of chitinase protein, improved mycorrhization 388 















antifungal proteins could interact differently with AM fungi. Kahlon et al. (2017) 390 
reported no adverse effects on AM fungi colonization of GM pea (Pisum sativum) 391 
expressing endochitinases with antifungal activity (in vitro inhibitory activity on spore 392 
germination of several pathogens). Mutualistic fungi seem to be adapted to presence of 393 
broad-action antifungal chitinases, and they do not suffer their deleterious effects. The 394 
authors proposed that the differential targeting of phytopathogens and beneficial 395 
microorganisms by the antifungal genes could be attribu ed to genotype-related 396 
recognition specificity. On the other hand, reports of induction of chitinase isoforms 397 
during AM symbiosis as specific response (Pozo et al., 1998; Salzer et al., 2000) 398 
suggest that chitinase activities are a key point in the establishment and functioning of 399 
the AM symbiosis.  400 
Taking into consideration those changes in root exudates composition and presence of 401 
transgenic proteins in other plant organs besides roots might affect non-target soil 402 
organisms (Griffiths et al., 2000), we expected to detect an effect of the GM potato 403 
biomass residues in clover mycorrhization. Previously, Turrini et al. (2015) have 404 
demonstrated that GM corn biomass amended to soil negatively affected Medicago 405 
sativa root colonization by indigenous AM fungal propagules. However, in the present 406 
study, clover plants inoculated with R. intraradices (GA5 strain) showed an increase in 407 
mycorrhization values in the presence of potato biomass residues of GM lines with 408 
respect to residues of wild type potato line. Cesaro et al., (2008) have previously 409 
reported that two month-old potato plants that were g own in agricultural systems 410 
reached AM colonization values of 6% or less, with low colonization frequency, but 411 
with high percentage of arbuscules. On the other hand, in greenhouse experiments with 412 
potato as trap plant and soil from long term established monocultures of grasses and 413 
forbs as inoculum, the AM root colonization registered values of 8 to 41 % (at the 70th 414 
day after inoculation) depending on the origin of the initial inoculum. In our study, 415 
potato plants inoculated with R. intraradices (GA5 strain) displayed low mycorrhization 416 
values. By contrast, in previous studies under similar in vitro conditions, this fungal 417 
strain has produced higher mycorrhization values in roots of transformed carrots 418 
(Silvani et al., 2014) and transformed soybeans (Fernández Bidondo et al., 2009), over 419 
40 % and over 30 %, respectively. Even in clover, the values of root colonization by R.420 
intraradices (GA5) was high (78 %) in our study. The potato lines used in our assays 421 
seems less receptive to R. intraradices pure inoculum than to AM species present in the 422 















The levels of protection reached by the assessed potato GM lines are promising for this 424 
crop, since they could reduce the amount of fungicides and pesticides employed and, 425 
therefore, the cost and health risks. Even our results support the need of in-depth 426 
analysis in order to monitor each transgenic event in the context of its target soil; we 427 
present evidence of the protection conferred by over expression of transgenes codifying 428 
antifungal proteins against pathogen attack without detrimental effects on non-target 429 
soil microorganisms. 430 
In conclusion, our data suggest that the use of antifungal proteins, singly or in 431 
combination, is an interesting strategy for engineering plants to confer fungal protection 432 
against commercially relevant pathogens, such as R. solani, with no adverse effects on 433 
colonization by AM fungi and symbiosis relationship. 434 
 435 
 436 
5. Acknowledgments 437 
 438 
The authors wish to thank CONICET, INTA, UBA and ANCYPT for their financial 439 
support. We thank Valeria Beracochea, Valeria Peralta, and Florencia Olivari for their 440 
excellent technical assistance in the production and maintenance of transgenic potato 441 
plants. We thank Julia Sabio Garcia for her invaluable help as English editor. 442 
 443 
 444 
6. References 445 
 446 
Adam, G.C., 1988. Thanatephorus cucumeris (Rhizoctonia solani): a species of 447 
widehost range. In: Advances in Plant Pathology. Vol I. Genetics of Plant Pathogenic 448 
Fungi (G.S. Sidhu, ed.), pp. 535–552. New York: Academic Press. 449 
Bazzini, A. A., 2003. Title of thesis (Doctoral dissertation) Caracterización de plantas 450 
de papa transgénicas expresando genes tipo PR (glucanasas, quitinasas, Ap24) y no PR 451 
(snakinas e inhibidores de ribosomas) para conferir protección a infecciones de 452 
Rhizoctonia solani  y Fusarium eumartii. Facultad de Ciencias Exactas y Naturales 453 
Universidad de Buenos Aires. 454 
Cesaro, P., Van Tuinen, D., Copetta, A., Chatagnier, O., Berta, G., Gianinazzi, S., 455 















fungus Glomus intraradices in arable soil of a potato farming area. Appl. Environ. 457 
Microbiol. 74(18), 5776–5783. 458 
Clive, J., 2014. Global Status of Commercialized Biotech/GM Crops. ISAAA Brief 459 
No.49. ISAAA. Ithaca. NY. 978-1-892456-59-1 460 
Colombo, R.P., Ibarra J.G., Fernandez Bidondo L, Silvan  V.A., Bompadre M.J., 461 
Pérgola M., Lopez N.I., Godeas A.M., 2016. Arbuscular Micorrhizal Fungal 462 
Association in Genetically Modified Drought-Tolerant Corn. J. Environ. Qual. 463 
doi:10.2134/jeq2016.04.0125. 464 
Cowgill, S.E., Bardgett, R.D., Kiezebrink, D.T., Atkinson, H.J., 2002. The effect of 465 
transgenic nematode resistance on non-target organisms in the potato rhizosphere. J. 466 
Appl. Ecol. 39, 915–932. 467 
Datta, K., Muthukrishnan, S., Datta, S.K., 1999. Expression and function of PR-protein 468 
genes in transgenic plants. In: Pathogenesis-Related Proteins in Plants.CRC Press. Pp 469 
231-278.  470 
Declerck, S., Strullu, D.G., Fortin, J.A., 2005. In Vitro culture of mycorrhizas. Springer, 471 
Heidelberg, 400 pp. 472 
Del Vas, M., 1992. Title of thesis (Doctoral dissertation) Obtención y caracterización de 473 
plantas de interés agropecuario. Facultad de Ciencias Exactas y Naturales Universidad 474 
de Buenos Aires. 475 
Fernández, L., Silvani, V., Bompadre, M. J., Pérgola, M., Godeas, A., 2009. 476 
Transformed soybean (Glycine max) roots as a tool for the study of the arbuscular 477 
mycorrhizal symbiosis. World Journal of Microbiology and Biotechnology 25, 1857–478 
1863. 479 
Fernández Bidondo, L., Silvani, V., Colombo, R., Pérgola, M., Bompadre, J., Godeas, 480 
A., 2011. Pre-symbiotic and symbiotic interactions between the arbuscular mycorrhizal 481 
(AM) fungus Glomus intraradices and two Paenibacillus species associated with AM 482 
intraradical mycelia and spores. Soil Biology and Biochemistry 43, 1866–1872. 483 
Giovannetti, M., 2003. The ecological risks of transgenic plants. Rivista di Biologia. 484 
Biology Forum 96, 207–224. 485 
Griffiths, B.S., Geoghegan, I.E., Robertson, W.M., 2000. Testing genetically engineered 486 
potato, producing the lectins GNA and Con A, on non target soil organisms and 487 
processes. J. Appl. Ecol. 37, 159–170. 488 
Hannula, S., De Boer, W., Van Veen, J., 2014. Do genetic modifications in crops affect 489 















Heuer, H., Kroppenstedt, R.M., Lottmann, J., Berg, G., Smalla, K., 2002. Effects of T4 491 
lysozyme release from transgenic potato roots on bacteri l rhizosphere communities are 492 
negligible relative to natural factors. Appl. Environ. Microbiol. 68, 1325–1335. 493 
Hewitt, E.J., 1952. Sand water culture methods used in the study of plant nutrition. 494 
Commonwealth Agriculture Bureau. Technical Communication No. 22 495 
Huarte, M., Capezio, S., Cahuepe, M., Gutheim, F., 2013. Cultivo de papa. Agricultura 496 
y ganadería pampeanas. Mar del Plata. Argentina. EUDEM. ISBN 978-987-1921-11-9 497 
Pp172–202. 498 
INVAM. Mean infection percentage (MIP) method. 499 
https://invam.wvu.edu/methods/infectivity-assays/mean-infection-percentage mip. 500 
(Accessed 6 December 2017) 501 
Jach, G., Gornhardt, B., Mundy, J., Logemann, J., Pinsdorf, E., Leah, R., 1995. 502 
Enhanced quantitative resistance against fungal disease by combinatorial expression of 503 
different barley antifungal proteins in transgenic tobacco. Plant J. 8, 7–109. 504 
Kahlon, J.G., Jacobsen, H.J., Cahill, J.F., Hall, L.M., 2017. Antifungal genes expressed 505 
in transgenic pea (Pisum sativum L.) do not affect root colonization of arbuscular 506 
mycorrhizae fungi. Mycorrhiza 27, 683–694. 507 
Koide, R.T., Mosse, B., 2004. A history of research on arbuscular mycorrhiza. 508 
Mycorrhiza 14, 145–163. 509 
Kühn, J.G., 1858. The diseases of cultural growth, its causes and its imposition. Gustav 510 
Bosselmann, pp. 312. Berlin. 511 
Liu, W., 2010. Do genetically modified plants impact arbuscular mycorrhizal fungi? 512 
Ecotoxicology 19, 229–238. 513 
Lutaladio, N., Ortiz, O., Haverkort, A., Caldiz, D., 2009. Sustainable potato production: 514 
guidelines for developing countries. FAO, pp. 91. Rome. 515 
Nookaraju, A., Agrawal, D.C., 2012. Enhanced tolerance of transgenic grapevines 516 
expressing chitinase and β-1,3-glucanase genes to downy mildew. Plant Cell Tiss. Org. 517 
Cult. 111,15–28. 518 
Phillips, J.M., Hayman, D.S., 1970. Improved procedur s for clearing roots and staining 519 
parasitic and vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection. 520 
Transactions of the British Mycological Society 55,1 8–160. 521 
Pozo, M.J., Azcon-Aguilar, C., Dumas-Gaudot, E., Barea, J.M., 1998. Chitosanase and 522 
chitinase activities in tomato roots during interactions with arbuscular mycorrhizal fungi 523 















Rasche, F., Hodl, V., Poll, C., Kandeler, E., Gerzabek, M.H., van Elsas, J.D., 2006. 525 
Rhizosphere bacteria affected by transgenic potatoes with antibacterial activities 526 
compared with the effects of soil, wildtype potatoes, vegetation stage and pathogen 527 
exposure. FEMS Microbiol. Ecol. 6, 219–235. 528 
Salzer, P., Bonanomi, A., Beyer, K., Vögeli-Lange, R. Aeschbacher, R., Lange, J., 529 
Wiemken, A., Kim, D., Cook, D., Boller T., 2000. Differential expression of eight 530 
chitinase genes in Medicago truncatula roots during mycorrhiza formation, nodulation, 531 
and pathogen infection. Mol. Plant Microbe Interact. 13, 763–777. 532 
Sambrook, J., Fritsch, E., Maniatis, T., 1989. Molecu ar cloning, a laboratory manual. 533 
2nd Edition. Cold Spring Harbor Laboratory Press. 534 
Shrestha, C.L., Ona, I., Muthukrishnan, S., Mew. T.W., 2008. Chitinase levels in rice 535 
cultivars correlate with resistance to the sheathblig t pathogen Rhizoctonia solani. Eur. 536 
J. Plant Pathol. 20, 69–77. 537 
Silvani, V., Fernández Bidondo, L., Bompadre, M.J., Colombo, R., Pérgola, M., 538 
Bompadre, A., Fracchia, S., Godeas, A., 2014. Growth dynamics of geographically 539 
different arbuscular mycorrhizal fungal isolates belonging to the ‘Rhizophagus clade’ 540 
under monoxenic conditions, Mycologia 106(5), 963–975. 541 
Takahashi, W., Fujimori, M., Miura, Y., Komatsu, T., Nishizawa, Y., Hibi, T., 542 
Takamizo, T., 2005. Increased resistance to crown rust disease in transgenic Italian 543 
ryegrass (Lolium multiflorum Lam.) expressing the rice chitinase gene. Plant Cell Rep. 544 
23(12), 811–8.  545 
Turrini, A., Sbrana, C., Giovannetti, M., 2015. Belowground environmental effects of 546 
transgenic crops: a soil microbial perspective. Res. Microbiol. 166(3), 121–131. 547 
Voets, L., Dupre de Boulois, H., Renard, L., Strullu, D.G., Declerck, S., 2005. 548 
Development of an autotrophic culture system for the in vitro mycorrhization of potato 549 
plantlets. FEMS Microbiology Letters 248, 111–118. 550 
Zhu, Q., Maher, E.A., Masoud, S., Dixon, R.A., Lamb, C.J., 1994. Enhanced protection 551 
against fungal attack by constitutive co expression of chitinase and glucanase genes in 552 















Figure 1. Schematic representation of the binary vectors used for transformation. 554 
AP24: Ap24 gene encoded osmotin; GLU: β-1, 3-glucanase hydrolytic enzyme; CHI: 555 
Class II quitinase hydrolytic enzyme; RIP: Type I gene; P35S: CaMV-35S promoter; 556 
t35S: CaMV-35S terminator; hpt: hygromycin phosphor transferase; nptII: neomycin 557 
phosphor transferase II gene; PNos and tnos: nopaline synthase promoter and 558 
terminator; RB and LB, right and left border sequences of the T-DNA region, 559 
respectively. 560 
Diagrams are not to scale. 561 
 562 
Figure 2. Molecular characterization of GM potato lines with antifungal activity. (A) 563 
PCR reactions performed with specific primers. Genomic DNAs from GM lines and 564 
non-transgenic plants or plasmid vector DNA were usd as template. (B) Western blot 565 
analysis revealed with specific polyclonal serum. Equal amounts of total protein were 566 
loaded on 12.5 % SDS-PAGE. Intensity of the bands wa  estimated using Image J 567 
software. (http://rsb.info.nih.gov/ij/index.html). 568 
Designations of the amplified product are shown on the right and product sizes are 569 
shown on the left. (–): control reaction without DNA; (+): positive control. 570 
 571 
Figure 3. Frequency (%) of mycorrhizal colonization (black bars), arbuscules (grey 572 
bars) and vesicles (white bars) in transgenic potato lines (RC-5, RC-1 and AGRC-12) 573 
and control line (KEN). Inoculation assays were done with R. intraradices (A) or native 574 
inoculum (B). Frequency (%) of mycorrhizal colonizat on (black bars), arbuscules (grey 575 
bars) and vesicles (white bars) in clover, as host plant, supplemented with dry biomass 576 
of transgenic potato lines (C + RC-5, RC-1 and AGRC-12) and control line (C + KEN). 577 
Means of ten replicates ± standard deviation are shown; bars of same color with 578 
different letters represent significant differences (LSD test, p<0.05) (C). 579 
 580 
Figure 4. Active AM intraradical colonization in AGRC-12 potato roots (A) Cortical 581 
cell with arbuscules (black arrows). (B) Cortical ce l with hyphal coil (black arrow). 582 
 583 
Supplementary material. Enhanced resistance of transgenic potato plants to R. s lani. 584 
(A) Percentages of infection inhibition calculated at different days post infection (DPI). 585 
(B) Lateral magnified representative view of RC-1 line and non-transgenic control 586 















Decreased growth exhibited by non-transgenic plants in infected soil is observed. (C) 588 
Microscopic diagnostic characteristics of R. solani: hyphal septum (S) and 90-degree 589 
angle branching with a narrow neck (N) of the hyphae, t 40X magnification. (D) 590 
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Potato transgenic lines expressing genes encoding antifungal proteins has been 
developed 
These lines showed high reduction in infection indexes against Rhizoctonia solani 
Rizophagus intraradices colonization did not differ between transgenic and wild potato 
Addition of transgenic potato biomass residues increased mycorrhization 
AGRC-12 transgenic line increased native mycorrhization and arbuscules development  
 
